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LIMITED  SMALL-SCALE  FIELD  STUDY 
FOR  DESTRUCTION  OF  ORGANIC  CONTAMINANTS 
BY  ULTRAVIOLET/OZONE  OXIDATION 


PART  I:  INTRODUCTION 

Background 

!•  Rocky  Mountain  Arsenal  (RMA)  has  been  a  chemical  manufacturing 
and  ordinance  demilitarization  facility  for  the  past  34  years.  Military 
operations  at  the  facility  have  included  the  production  of  chemical 
agents,  the  fabrication  of  munitions  containing  these  agents,  and  the 
demilitarization  of  such  munitions.  Private  corporations,  under  a  lease 
agreement  with  the  Army,  have  used  certain  industrial  facilities  at  RMA 
for  the  production  of  pesticides.  I^ile  most  of  the  military  operations 
have  been  concluded,  a  private  company  is  still  using  certain  facilities 
for  pesticide  production. 

2.  .Waste  products  resulting  from  activities  at  RMA  have  been  dis¬ 
charged  into  basins  or  otherwise  disposed  of  within  the  boundaries  of  the 
arsenal.  An  extensive  analysis  program  at  RMA  has  indicated  that  some  of 
the  waste  products  have  migrated  from  disposal  sites  to  the  groundwater.^ 
Both  organic  and  inorganic  contaminants  in  varying  amounts  have  been 
found  in  the  groundwater. 

3.  The  Colorado  State  Health  Department  (CSHD)  informed  RMA  in 
April  1975  that  dissopropylmethylphosphonate  (DIMP)  and  dicyclopentadiene 
(DCPD)  had  been  identified  in  an  aquifer  north  of  RMA.  The  CSHD  re¬ 
quested  (in  the  form  of  a  cease  and  desist  order)  that  efforts  be  made 

to  remove  these  contaminants  from  the  groundwater  flowing  across  the 

arsenal  boundary.  Work  was  initiated  in  September  1975  to  determine 

the  applicability  of  selected  treatment  processes  in  removing  DIMP  and 

2 

DCPD  from  the  groundwater.  Two  processes  were  found  to  be  particularly 
effective  in  reducing  DIMP  and  DCPD  concentrations  in  water  during 
|)reliminary  testing.  These  processes  are  carbon  adsorption  and  ozone 
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oxidation.  Additional  literature  review  indicated  that  ultraviolet 

radiation  would  increase  the  effectiveness  of  ozone  oxidation.  Bench 

studies  conducted  on  RMA  groundwater  using  the  two  processes  verified 

3  4 

the  results  of  the  earlier  tests.  ^ 

4.  The  bench-scale  UV/ozone  study  report  recommended  that  a  small- 

3 

scale  field  unit  be  obtained  and  installed  at  Ri-IA.  The  field  unit  was 
to  be  used  to  assess  the  treatability  of  groundwater  obtained  from  sever¬ 
al  different  sampling  locations  at  RMA. 

Purpose 

5.  The  purpose  of  this  small-scale  field  study  was  to  assess  the 
potential  of  the  UV/ozone  process  for  reducing  the  concentration  of  or¬ 
ganic  contaminants  in  RMA  groundwater  in  a  continuous  flow  system.  Ad¬ 
ditional  objectives  of  this  study  were  as  follows: 

To  determine  the  relationship  between  operating  conditions 
for  the  UV/ozone  system  and  disappearance  of  organic  con¬ 
taminants  in  the  treated  groundwater. 

To  determine  modifications  in  procedures  or  design  of  the 
UV/ozone  system  that  should  be  evaluated. 

To  obtain  the  necessary  information  for  design  of  a  full 
size  pilot  plant  including  estimated  operating  and  main¬ 
tenance  costs. 

The  specific  purpose  of  this  report  is  to  present  the  interim  results  of 
the  limited  small-scale  field  study. 

Scope 

6.  This  report  describes  the  work  completed  on  a  limited  small- 
scale  field  study  aimed  at  evaluating  a  field  scale  UV/ozone  treatment 
system  for  reducing  organic  contaminant  concentrations  in  RMA  ground- 
water.  All  data  available  at  the  present  time  have  been  included' in 
this  report.  These  data  have  been  evaluated  to  determine  the  relation¬ 
ship  between  operational  parameters  and  the  disappearance  of  organic 
contaminants  in  the  sample  waters  and  to  provide  estimated  costs  for  a 
full-size  treatment  system.  Work  is  still  being  conducted  at  RMA  by 
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WES  personnel  with  the  UV/ozone  unit  and  data  obtained  will  be  reported 
and  evaluated  in  the  final  report. 

Approach 

7.  An  UV/ozone  ULTROX^'  field  unit  was  acquired  and  set  up  in  Build¬ 
ing  802  at  RMA.  This  unit  had  a  flow  capacity  of  approximately  1000  gpd. 
Groundwater  was  obtained  from  a  designated  well  and  pumped  through  the 
ULTROX  unit.  Operating  parameters  (ozone  concentration,  liquid  flow,  UV 
intensity,  etc.)  were  varied  for  each  run  on  the  basis  of  information 
obtained  from  the  previous  runs  which  had  been  evaluated  through  the  use 
of  a  computer-aided  analysis  procedure.  Influent,  midstream,  and  efflu¬ 
ent  samples  were  collected  and  analyzed.  All  available  data  were  eval¬ 
uated  for  use  in  preparing  this  report. 


*  ULTROX  is  a  trade  name  for  a  unit  manufactured  by  WESTGATE  RESEARCH 
CORP,  Los  Angeles,  California. 


PART  II:  EQUIPMENT  AND  PROCEDURES 
Water  Supply 

8.  The  groundwater  used  in  the  study  was  obtained  from  a  well 
designated  Pump  Well  3  (PW3) .  Identical  pumping  procedures  were  used 
each  time  that  water  was  taken  from  the  well.  The  water  quality  re¬ 
mained  fairly  constant  throughout  the  study - 

9.  The  water  was  transported  from  PW3  to  a  covered  storage  tank 
near  Building  802  in  which  the  ULTROX  unit  was  located.  The  storage 
tank  and  cover  were  constructed  of  rubber.  The  tank  had  a  volume  of 
approximately  3000  gallons. 

10.  The  water  was  pumped  out  of  the  tank,  into  the  project  build 
ing,  through  a  sand  filter,  and  into  the  ULTROX  unit.  The  sand  filter 
was  used  to  remove  any  grit  or  sand  that  might  plug  the  flowmeters  or 
otherwise  damage  the  ULTROX  unit.  Samples  of  water  were  taken  before 
and  after  the  sand  filter  and  analyzed.  No  significant  differences  in 
composition  were  found. 


Ozone  Generator 


11.  Ozone  was  produced  with  an  OREC,  model  03B20  ozone  generator 
(Figure  1) .  Its  rated  capacity  was  two  pounds  of  ozone  per  day  with 
oxygen  feed.  The  concentration  of  ozone  produced  in  the  oxygen-ozone 
mixture  could  be  varied  over  a  range  of  0.5  to  4  percent  by  weight  by 
varying  the  ratio  of  power  input  to  oxygen  flow.  Oxygen  was  supplied 
from  a  set  of  three  standard  gas  cylinders  connected  by  a  manifold  to 
the  ozone  generator. 

12.  The  concentration  of  ozone  iii  the  oxygen-ozone  mixture  was 
determined  by  an  iodometric  titration  that  is  discussed  later  in  this 
report.  The  oxygen-ozone  mixture  passed  from  the  ozone  generator  to 
the  ULTROX  unit  through  a  parallel  set  of  three  needle  valves  followed 
in  series  by  three  flowmeters.  This  arrangement  allowed  for  the 


7 


Figure  1. 


ULTROX  unit  Set-Up  a 
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introduction  of  different  amounts  of  ozone  to  different  stages  in  the 
ULTROX  unit. 

ULTROX  Treatment  System 

13.  The  ULTROX  unit  is  small-scale  continuous  flow  UV/ozone 
treatment  test  system  designed  to  be  transported  to  a  treatment  site  and 
operated  on  a  side-stream  of  the  contaminated  water  (Figure  1) .  The 
following  operational  parameters  could  be  varied  in  the  unit:  (a)  UV 
light,  input  and  intensity,  (b)  ozone,  introduction  and  concentration, 
and  (c)  water  flow  rate.  The  UV/ozone  reactor  chamber  of  the  ULTROX 
unit  is  shown  in  Figure  2.  The  reactor  width,  length,  and  height  dimen¬ 
sions  are  18,  36,  and  28  inches,  respectively.  The  capacity  of  the  unit 
was  approximately  300  liters.  The  unit  was  rated  for  a  flow  rate  of 
1000  gpd.  The  reactor  vessel  was  made  of  304  stainless  steel  that  had 
been  passivated  and  electropolished  to  reduce  chemical  attack  and  in¬ 
crease  UV  reflectivity. 

14.  The  reactor  chamber  was  divided  into  six  stages  by  baffles 
that  provide  a  tortuous  path  for  liquid  flow  through  the  chamber.  Each 
stage  contained  eight  porous,  ceramic  spheres  near  the  bottom  of  the 
chamber  through  which  the  oxygen-ozone  mixture  was  sparged.  All  48 
spargers  were  used  during  the  testing  program.  The  spargers  were  capa¬ 
ble  of  generating  gas  bubbles  of  less  than  2.5  mm  in  diameter.  Ultra¬ 
violet  light  was  introduced  by  means  of  five  quartz- jacketed  ultraviolet 
lamps  placed  in  each  stage  providing  for  a  total  of  30  lamps.  (For  the 
RMA  study,  29  lamps  of  40  watts  each  were  used  thus  leaving  a  port  for 
the  introduction  into  the  reactor  of  a  midstream  sampling  tube.)  These 
lamps  were  individually  controlled  thus  permitting  the  regulation  of  UV 
intensity. 

15.  As  mentioned  in  paragraph  12,  the  oxygen-ozone  mixture  en¬ 
tered  the  ULTROX  unit  through  three  parallel  needle  valve- flowmeter 
combinations.  Each  regulator  controlled  the  flow  of  the  gas  mixture  to 
two  stages  thus  allowing  different  parts  of  the  reactor  to  receive  dif¬ 
ferent  flowrates  of  gas. 


9 


KHAUST 

ASES 


Figure  2.  Diagram  of  ULTROX  reactor  chamber 


16.  The  effluent  from  the  reactor  vessel  passed  through  a  liquid- 
gas  separator  to  remove  any  residual  ozone  from  the  liquid.  The  liquid 
was  discharged  from  the  separator  while  the  gas  was  combined  with  the 
exhaust  gas  from  the  reactor  vessel.  All  waste  gas  then  passed  through 
a  high  temperature-catalytic  system  where  any  residual  ozone  or  organic 
gases  were  decomposed  before  being  vented  to  the  atmosphere.  The  ex¬ 
haust  gas  sampling  port  was  located  in  such  a  manner  as  to  provide  for 
sampling  before  the  gas  passed  through  the  high  temperature-catalytic 
converter. 


Optimization  Program 

17.  Initial  operating  parameters  for  the  ULTROX  unit  were  deter¬ 
mined  by  extrapolation  of  data  from  earlier  bench  test  work.  After  the 
initial  run,  a  computer-aided  analysis  procedure  was  used  to  determine 
the  operating  parameters  for  the  next  run. 

18.  The  analysis  procedure  used  a  computer  program  that  was 
leased  along  with  the  ULTROX  unit.  The  computer  program  required  an 
input  consisting  of  the  test  conditions  (i.e.,  liquid  and  gas  flow  rates, 
effluent  analysis,  pH,  temperature,  etc.)  and  it  output  a  statistically 
determined  set  of  new  operating  parameters. 

19.  In  the  RMA  study,  test  conditions  for  each  run  were  input  to 
the  program  at  the  conclusion  of  each  run.  The  program  then  provided 
the  operating  parameters  to  be  used  for  the  following  run.  At  the  con¬ 
clusion  of  the  test  program,  the  computer  program  was  used  to  develop 
recommended  operating  parameters  for  the  ULTROX  system  to  produce  an 
effluent  of  specified  quality.  All  work  was  conducted  with  regard  to 
disappearance  of  DIMP- because  DCPD  levels  were  below  detectable  limits 
in  groundwater  samples. 

Operational  Procedures  for  the  ULTROX  System 

20.  A  set  of  operational  procedures  was  established  for  the 
ULTROX  system  to  insure  reproducibility  of  results  from  the  test  program. 
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The  operational  parameters  that  were  adjusted  and  evaluated  Included  the 
liquid  flow  rate,  ozone  mass  flow,  ozone  concentration,  and  lamp  configu¬ 
ration.  The  start-up  and  shut-down  procedures  for  the  ULTROX  system  are 
described  in  Appendix  A.  The  sampling  procedures  used  to  check  the  var¬ 
ious  operational  parameters  are  discussed  in  other  sections  of  this 
report. 

21.  After  start-up,  the  ULTROX  unit  was  operated  and  Total  Organ¬ 
ic  Carbon  (TOC)  measurements  made  until  it  was  determined  that  the  system 
had  reached  "steady— state  conditions",  (i.e.  until  the  effluent  TOC  val— 
ues  remained  constant).  Operating  parameters  were  checked  constantly 
throughout  the  run.  Each  run  took  about  five  hours  to  complete. 

Sampling  and  Analysis 

Sampling 

22.  Most  samples  were  taken  near  the  end  of  the  experimental  run 
to  insure  that  "steady-state"  conditions  had  been  reached.  Ozone  con¬ 
centration  in  the  gas  flow  to  the  ULTROX  unit  was  measured  periodically 
throughout  the  run.  Grab  samples  were  obtained  from  the  influent  stream, 
from  a  midstream  sampling  port,  and  from  the  effluent  stream.  Ozone 
sampling  required  a  special  procedure  (see  Appendix  B) . 

23.  Samples  for  dissolved  oxygen  measurement  and  organic  analysis 
were  collected  in  glass  sample  bottles.  Dissolved  oxygen  measurements 
were  made  immediately  after  sample  collection.  Samples  collected  for 
Chemical  Oxygen  Demand  (COD)  analysis  were  preserved  with  concentrated 

H  SO, .  Samples  collected  for  TOC  analysis  were  preserved  with  concen- 
trated  HCL. 

24.  Samples  for  metal  analysis  were  collected  in  125-ml  plastic 
bottles  and  preserved  with  concentrated  HNO^.  Samples  for  other  tests 
were  collected  in  500-ml  plastic  bottles  for  immediate  analysis. 

Analysis 

25.  All  analyses  were  performed  as  soon  as  possible.  When  delays 
were  necessary,  the  samples  were  preserved  as  outlined  in  Standard 
Methods.' 


12 


26. *  Organic  Analysis.  Organic  analyses  for  DIMP,  DCPD,  pesti¬ 
cides,  and  of gano-sulfur  compounds  were  conducted  at  PJIA  by  IIALD  using 
gas  chromatographic  techniques.  COD  analyses  were  conducted  onsite  by 
WES  personnel  using  the  procedure  given  in  Standard  Methods  for  low 
level  determinations.  TOC  analyses  were  conducted  onsite  and  then  the 
samples  were  shipped  to  WES  for  verification.  All  TOC  analyses  were 
conducted  using  the  procedure  given  in  Standard  Methods. 

27.  Ozone  Analysis.  Ozone  analyses  were  performed  onsite  using  a 
iodometric  titration  technique  as  described  in  the  operating  manual  for 
the  OREC  Model  03B20  ozone  generator.  This  procedure  is  based  on  the 
iodometric  titration  procedure  given  in  Standard  Methods.  An  outline  of 
the  procedure  used  is  presented  in  Appendix  B  of  this  report. 

28.  Metals  Analysis.  Samples  collected  for  metals  analyses  were 
preserved  and  transported  to  WES.  A  scan  was  conducted  on  the  samples 
using  a  Spectrametrics  multi-element  argon  plasma  spectrometer.  Trace 
metal  work  was  conducted  on  a  Perkin-Elmer  503  atomic  adsorption  spec¬ 
trophotometer.  The  unit  was  equipped  with  a  heated  graphite  atomizer 
(HGA) . 

29.  General  Analysis.  Other  analyses  that  were  performed  are 
shown  in  Table  1.  *  All  testing  was  conducted  on  site  except  for  solids 
analysis  which  was  dene  at  WES.  Conductivity  and  pH  analyses  were  con¬ 
ducted  according  to  the  manufacturers’  operating  manual. .  The  remaining 
analyses  were  conducted  according  to  procedures  presented  in  Standard 
Methods  or  in  Procedures  for  Water  and  Wastewater  Analysis.  This  latter 
publication  presents  procedures  as  adopted  for  use  with  a  Bausch  and  Lomb 
Model  20  spectrophotomCer . 
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PART  III:  RESULTS  AND  DISCUSSION 
Operational  Parameters 

30.  The  operational  parameters  for  the  various  UV/ozoiie  test  runs 
conducted  at  RMA  are  presented  in  Table  2.  As  indicated,  a  total  of  49 
test  runs  were  made.  The  first  35  runs  were  included  in  the  optimization 
program.  The  operational  parameter  values  were  selected  by  use  of  com¬ 
puter-aided  analysis.  The  last  14  runs  were  extra  runs  conducted  to  ob¬ 
tain  data  for  a  mathematical  model  being  developed  by  WES.  This  model 
will  be  included  in  the  final  report.  The  parameter  values  were  select¬ 
ed  by  the  model  developers. 

Influent  flow 

31.  The  influent  flow  was  varied  from  a  low  of  1  i/min  to  a  high 
of  4  ]l/min.  The  retention  times  for  the  ULTROX  unit  corresponding  to  the 
influent  flowrates  are  given  in  Figure  3. 

Number  of  lamps 

32.  A  total  of  29  lamps  were  available  for,  use  in  the  ULTROX  unit. 
The  number  used  varied  from  none  to  all  29.  This  system  allowed  varying 
intensities  of  UV  light  to  be  introduced  in  different  stages  of  the  re¬ 
action  chamber.  The  numbering  system  for  the  lamps  is  shown  in  Figure  2. 
Ozone 

33.  Input .  The  ozone  mass  flow  into  the  ULTROX  unit  was  varied 
from  0  to  700  mg/min.  In  Runs  27  through  35  the  ozone  mass  flow  was  dis¬ 
tributed  unequally  into  different  parts  of  the  reactor  chamber  as  indi¬ 
cated  in  Table  2.  For  all  other  runs,  the  ozone  mass  flow  was  distributed 
equally  through  the  chamber. 

34.  Exhaust  gas.  The  ozone  mass  flow  in  the  exhaust  gas  varied 
from  0  to  173  mg/min.  The  highest  ozone  mass  flow  out  of  the  ULTROX  unit 
occurred  when  all  of  the  lamps  were  off  during  the  run. 

35.  Dissolved  in  effluent.  The  ozone  mass  flow  associated  with 
the  effluent  stream  was  generally  low  (0  -  20  mg/min) .  Residual  ozone 
decomposes  rapidly  and  therefore  poses  no  problems  in  the  disposal  of  the 


effluent. 


Oxygen 


36,  Gas  flow.  Oxygen  flow  into  the  system  varied  from  0  to  28 
£/min.  The  variation  in  gas  flow  to  the  system  can  result  in  different 
mixing  characteristics  inside  the  reactor  chamber. 

Dissolved.  The  great  variation  in  the  dissolved  oxygen  con¬ 
centration  between  the  influent  (approx  6-8  mg/£)  and  effluent  (approx 
35  -  45  mg/£)  was  a  result  of  the  high  concentration  of  oxygen  passed 
through  the  system.  The  dissolved  oxygen  concentration  rapidly  decreased 
when  the  effluent  was  allowed  to  come  into  contact  with  the  atmosphere. 

Organic  Analysis 

38.  The  results  of  organic  analyses  conducted  on  samples  from  the 
-various  test  runs  are  presented  in  Table  3.  DIMP  analysis  was  conducted 
on  samples  from  all  the  runs.*  TOC  and  COD  analyses  were  performed  on 
most  of  the  samples  from  the  first  35  runs.  DCPD,  pesticide,  and  organo- 
sulfur  analyses  indicated  influent  concentrations  at  or  below  the  detec¬ 
tion  limit  of  the  equipment  used.  Therefore,  these  analyses  were  ^ 
discontinued. 

DIMP 

39.  The  average  DIMP  concentration  in  the  influent  was  approxi¬ 
mately  3000  ppb.  The  DIMP  concentrations  in  the  midstream  and  effluent 
samples  varied  greatly  depending  on  the  operational  parameter  settings 
used  in  a  particular  run.  Tlie  lowest  DIMP  concentrations  in  the  mid¬ 
stream  and  effluent  samples  were  approximately  27  ppb  and  3  ppb  respec¬ 
tively.  These  samples  were  taken  during  Run  64  where  an  extremely  long 
retention  time  (300  min)  was  used.  The  lowest  percent  DIMP  disappearance 
occurred  in  Runs  94  and  95  where  only  UV  radiation  (no  ozone)  was  used. 

40.  In  order  to  illustrate  the  relationships  between  the  opera¬ 
tional  parameters  and  DIMP  disappearance,  a  series  of  graphs  were  devel¬ 
oped  and  are  presented  as  Figures  4-7.  The  operational  parameter  val¬ 
ues  are  plotted  against  percent  DIMP  disappearance.  Midstream  and  ef¬ 
fluent  values  are  represented  by  empty  and  solid  symbols,  respectively. 
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41.  Ozone  mass  flow.  Figure  A  Illustrates  the  relationship  be¬ 
tween  DIMP  disappearance  and  ozone  mass.  flow.  DIMP  disappearance  increas¬ 
ed  rapidly  until  the  ozone  mass  flow  rate  reached  3.00  mg/min.  Then  the 
percent  DIMP  disappearance  increased  only  slightly  except  in  the  runs 
made  with  no  UV  radiation.  In  this  case,  the  increase  in  ozone  mass 

flow  resulted  in  a  substantial  increase  in  DIMP  disappearance.  This- 
plot  also  indicates  the  importance  of  UV  radiation  in  reducing  DIMP 
concentrations  in  the  effluent. 

42.  Number  of  UV  lamps.  Figure  5  further  illustrates  the  relation¬ 
ship  between  DIMP  disappearance  and  the  number  of  operating  UV  lamps. 

The  percent  DIMP  disappearance  Increased  rapidly  until  the  number  of 
lamps  in  operation  reached  10.  The  use  of  additional  lamps  affected 
the  percent  DIMP  disappearance  only- slightly. 

.  43.  Ozone  mass  flow  with  fixed  oxygen  flow.  Figure  6  illustrates 
the  relationship  between  DIMP  disappearance  and  ozone  mass  flow  with  a 
constant  oxygen  flow.  This  plot  again  indicates  that  DIMP  disappearance 
increased  rapidly  with  respect  to  ozone  mass  flow  up  to  a  flow  rate  of 
300  mg/min.  The  plot  also  indicates  that  the  percent  DIMP  disappearance 
was  higher  at  the  higher  oxygen  flow  rate  (20  i,/min)  for  the  lower  end 
of  the  ozone  mass  flow  scale.  This  was  attributed  to  increased  mixing 
action  as  a  result  of  a  higher  gas  flow  through  the  reactor. 

44.  Liquid  feed  flow.  Figure  7  illustrates  the  relationship 
between  DIMP  disappearance  and  liquid  feed  (influent)  flow.  The  percent 
DIMP  disappearance  decreased  only  slightly  as  the  influent  flow  was 
increased  to  4  )l/min.  As  shown  in  Figure  3,  an  influent  flow  of  4  £,/min 
corresponded  to  a  retention  time  of  75  minutes.  The  midstream  samples 
results  can  be  used  to  approximate  results  that  would  be  obtained  from 
test  runs  made  using  influent  flows  twice  as  high  as  those  actually  used. 
Figure  7  indicates  that  percent  DIMP  disappearance  would  decrease  more 
rapdily  as  the  liquid  feed  flow  increases  above  4  £/min. 

TOC 

45.  The  average  TOC  concentration  in  the  influent  was  8.6  mg/£. 

The  TOC  concentrations  in  the  midstream  and  effluent  samples  varied 
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NUMBER  OF  U-V  LAMPS 

Figure  5.  DIMP  disappearance  vs  number  of  UV  lamps 
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Figure  6.  DIMP  disappearance  vs  ozone  mass  flow  with  fixed  oxygen  flow 
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greatly  in  a  range  from  2  to  7  mg/^,'  (Table  3).  The  percent  reduction 
in  TOC  in  the  various  samples  appeared  to  follow  the  percent  disappearance 
of  DIMP  but  to  a  lesser  degree. 

46.  The  use  of  reduction  in  TOC  concentration  as  a  measure  of  the 
success  of  a  treatment  process  can  be  misleading.  This  is  particularly 
true  in  the  case  of  the  groundwater  used  in  this  study.  A  reduction  in 
TOC  indicates  that  orgnanic  molecules  have  been  broken  down  to  CO^  and 
other  products.  However,  only  those  carbon  atoms  removed  from  an  organic 
molecule  and  oxidized  to  CO^  show  up  as  a  decrease  in  TOC.  For  example, 
an  organic  molecule  could  be  reduced  to  several  shorter  chain  organic 
molecules  by  an  oxidation  reaction.  The  resulting  organic  molecules 
would  manifest  themselves  as  TOC  although  the  original  molecule  was 
destroyed.  This  result  occurs  in  tba  case  of  DIlIP,  which  is  the  reason 
DIMP  disappearance  provides  a. better  measure  than  TOC  with  regard  to  the 
effectiveness  of  UVO  process. 

47.  The  DIMP  concentration  in  the  influent  averaged  only  3  ppm.' 

Even  the  complete  destruction  of  all  the  DIMP  would  not  account  for  the 
indicated  reduction  in  TOC.  Therefore,  other  trace  organics  were  being 
destroyed  as  a  result  of  the  UV/ozone  oxidation.  The  TOC  remaining  in 
the  effluent  stream,  although  not  excessive  in  most  cases,  indicated  that 
some  decomposition  organics  were  not  being  destroyed  by  the  UV/ozone  process. 

48.  In  order  to  illustrate  the  relationships  between  the  opera¬ 
tional  parameters  of  the  ULTROX  unit  and  TOC  reduction,  two  graphs  were 
developed  and  are  presented  as  Figures  8-9.  The  operational  parameter 
values  are  plotted  against  percent  TOC  reduction.  Midstream  and  effluent 
values  are  represented  by  empty  and  solid  s3niibols  respectively.  A 
discussion  of  the  operational  parameters  follows. 

49.  Ozone  mass  flow.  Figure  8  illustrates  the  relationship  be¬ 
tween  TOC  reduction  and  ozone  mass  flow.  Unlike  DIMP  disappearance,  TOC 
reduction  increased  significantly  with  increasing  ozone  mass  flow  even  at 
flow  rates  of  600  mg/min.  This  plot  also  shows  that  TOC  reduction  in¬ 
creased  significantly  with  increasing  numbers  of  UV  lamps. 

50.  Number  of  UV  lamps.  Figure  9  further  illustrates  the  relation¬ 
ship  between  TOC  reduction  and  the  number  of  UV  lamps.  TOC  reduction 
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increased  significantly,  as  compared  to  DTMP  disappearance,  as  the  number 
of  lamps  in  operation  increased.  The  increase  in  TOC  reduction  with  in¬ 
creasing  number  of  lamps  was  not  as  great  at  high  ozone  mass  flows. 

51.  In  comparing  the  TOC  reduction  plots  to  the  DIMP  disappearance 
plots,  it  appears  that  much  higher  ozone  mass  flow  rates  and  UV  intensity 
were  needed  to  effect  a  high  TOC  reduction  than  were  needed  to  effect 
fairly  complete  disappearance  of  DIMP. 

COD 

52.  The  average  COD  of  the  influent  stream  was  approximately  19 
mg/£.  The  COD  of  the  effluent  varied  from  1.6  to  14.6  mg/£  depending  on 

the  run.  The  COD  data  provided  another  check  on  the  amount  of  decomposition 
of  organic  material  contained  in  the  effluent  from  the  ULTROX  unit.  The 
data  verified  that  certain  organic  contaminants  had  not  been  destroyed 
by  the  UV/ozone  oxidation  process. 

Additional  analysis 

53.  In  order  to  identify  the  decomposition  organics  in  the  effluent 
from  the  ULTROX  unit  as  indicated  by  the  TOC  and  COD  analysis,  an  exten¬ 
sive  organic  characterization  program  will  be  conducted  on  the  effluent 
from  the  test  system  at  RMA..  Several  runs  will  be  made  using  "best  run" 
parameter  values  from  which  effluent  samples  and  exhaust  gas  samples 

will  be  collected  and  analyzed.  These  results  will  be  presented  in  the 
final  report. 


Metals  Analysis 

54.  The  results  of  the  metals  analysis  performed  on  the  samples 
from  the  ULTROX  system  indicated  that  the  UV/ozone  oxidation  process  had 
essentially  no  effect  on  the  concentrat-ion  of  metals  in  the  RMA  ground- 
water.  Since  no  variations  in  concentrations  occurred,  only  metal  anal¬ 
yses  from  the  effluent  samples  have  been  included  in  this  report.  Table  4 
presents  a  summary  of  the  results  of  the  metal  analyses  conducted  on  the 
effluent  samples  along  with  the  recommended  concentration  limits. 

55.  The  concentrations  of  the  various  metals  remained  fairly  con¬ 
stant  over  the  duration  of  the  testing  program.  Only  manganese  and  sodium 


25 


concentrations  were  found  to  be  above  the  recommended  level.  Addi¬ 
tional  metal  analyses  are  being  conducted  at  WES  and  will  be  presented 
in  the  final  report. 

General  Analysis 

56.  The  results  of  the  general  analysis  performed  on  the  samples 
from  the  ULTROX  system  are  given  in  Appendix  D.  A  summary  of  these  data 
is  presented  in  Table  5. 

57.  The  values  associated  with  most  of  the  parameters  remained 
unchanged  as  a  result  of  the  UV/ozone  oxidation  process.  These  data 
indicate  that  most  of  the  nitrite  was  oxidized  to  nitrate  during  the 
oxidation  process.  Also,  ortho-phosphate  concentrations  increased  as 
a  result  of  the  destruction  of  DIMP  molecules.  No  other  significant 
changes  were  indicated. 

58.  Two  anions  were  found  in  concentrations  that  exceeded  recom¬ 
mended  levels.  Chloride  and  sulfate  concentrations  averaged  450  mg/£ 
and  700  mg/£,  respectively,  while  the  recommended  limit  for  each  is 
250  mg/£. 

Optimized  Field  Unit  Operating  Conditions 

59.  The  optimized  field  unit  operating  conditions  with  estimated 
effluent  DIMP  concentrations* and  operating  costs  for  a  10,000  gph  treat¬ 
ment  system  are  presented  in  Table  6.  The  operating  conditions  are 
grouped  on  the  basis  of  a  corresponding  grouping  of  estimated  DIMP 
effluent  concentrations.  These  values  were  obtained  from  a  computer- 
aided  analysis  of  the  information  obtained  from  the  test  runs. made  on 
RMA  groundwater.  The  effluent  DIMP  concentrations  have  not  been 
verified  but  will  be  checked  during  a  series  of  test  runs  that  will  be 
initiated  1  October  1977. 

60.  The  estimated  DIMP  effluent  concentrations  range  from  0  to 
150  ppb.  The  estimated  operating  costs  for  each  range  of  DIMP  effluent 
concentration  are  as  follows: 
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DIMP  Effluent 
Concentration »  ppb 


Operating  Costs, 
$/10QQ  gal 


0 

-  2 

0.70 

9 

-  11 

0.67 

48 

-  50 

0.64 

73 

-  74 

0.60 

99 

-  101 

0.57 

148 

-  149 

0.54 

There  is  a  difference  of  $0.16  per  1000  gal  of  water  treated  between  the 
150  ppb  and  the  0-2  ppb  range  in  effluent  concentration.  The  estimated 
operating  costs  cover  the  cost  of  power  for  ozone  generation  and  UV  light 
generation.  Capital  costs  and  maintenance  costs  will^calculated  after 
verification  of  the  optimized  operational  parameters  and  presented  in 
the  final  report. 

61.  Additional  information  concerning  the  optimized  operating 
conditions  along  with  verification  data  from  the  additional  test  runs 
to  be  made  at  RMA  will  be  included  in  the  final  report. 

Work  to  be  Completed  in  FY  78 

62.  This  report  presents  all  information  completed  to  date  on 
UV/ozone  oxidation  of  RMA  groundwater  using  the  ULTROX  unit.  During  the 
first  quarter  of  FY  78,  additional  studies  will  be  conducted  at  RMA 

in  order  to  verify  the  information  generated  by  the  computer-assisted  aiicJ 
analysis  of  the  data  from  the  test  runs.  After  this  verification  pro¬ 
cedure  is  completed,  the  recommended  operational  parameters  will  be  used 
to  determine  the  design  of  a  full  size  pilot  plant.  The  evaluation  of 
any  system  modification  will  be  conducted  through  use  of  a  bench-scale 
UV/ozone  unit.  All  information  obtained  in  the  FY  78  work  with  the  ULTROX 
unit  will  be  presented  in  a  final  report. 
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PART  IV:  CONCLUSIONS  AND  RECOMMENDATIONS 


Conclusions 


63.  The  following  conclusions  are  based  on  the  data  obtained  from 

the  limited  study  at  RMA  during  the  summer  of  1977. 

a..  The  UV/ozone  oxidation  process  can  reduce  the  concentrations 
of  organic  contaminants  found  in  RMA  groundwater  to  low 
levels  (DIMP  <20  ppb  and  TOC  <4  ppm) . 

The  percent  disappearance  of  DIMP  is  extremely  dependent 
on  the  ozone  mass  flow  rate  (up  to  a  value  of  300  mg/ii) 
and  on  the  number  of  UV  lamps  in  operation  (up  to  10) . 

c^.  Higher  ozone  mass  flow  rates  and  UV  intensities  are  needed 
to  effect  a  high  TOC  reduction  than  are  needed  to  effect 
a  fairly  complete  disappearance  of  DIMP. 

There  are  certain  unidentified  decomposition,  organic 
contaminants  (very  low  concentrations)  that  are  not 
destroyed  by  the  UV/ozone  oxidation  process. 

e^.  The  UV/ozone  oxidation  process  can  effect  the  disappearance 
of  DIMP  for  an  operational  cost  of  less  than  $0.75  per 
1000  gallons  on  the  basis  of  a  10,000  gph  system. 

Manganese,  sodium,  chloride,  and  sulfate  concentrations  in 
PW3  are  above  recommended  levels.  The  concentrations  of 
these  contaminants  are  not  affected  by  the  UV/ozone  process. 


Recommendations 

64.  Some  additional  information  is  needed  to  complete  this  study 

on  the  applicability  of  UV/ozone  treatment  to  RMA  groundwater.  In  order 

to  obtain  this  information,  the  following  efforts  are  recommended. 

Verification  test  runs  should  be  conducted  using  the 
optimum  operating  conditions  provided  by  the  computer-aided 
analysis  procedure.  Samples  of  exhaust  gas  and  effluent 
should  be  collected  during  these  runs  to  be  used  in  an 
extensive  organics  characterization  study. 

An  additional  test  program  should  be  initiated  in  which 
the  UV/ozone  process  is  used  to  treat  groundwater  from 
other  source  wells  located  on  RMA  because  of  the  need  to 
assess  the  effect  of  the  UV/ozone  process  on  other  con¬ 
taminants  not  present  in  the  groundwater  used  in  this  study. 

jc.  Additional  data  obtained  from  further  test  runs  should  be  used 
to  refine  the  model  of  the  UV/ozone  process  being  developed. 
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Table  1 

General  Analysis  Conducted  on  HMA  Groundwater 


Parameter 
Alkalinity 
Chloride 
Conductivity 
Dissolved  Oxygen 
Fluoride 
Nitrate 
Nitrite 
pH 

Phosphate  (Ortho) 

Sulfate 

Solids 


’  Method _ _ 

Standard  Methods 
Standard  Methods 

Conductivity  Meter,  YSI  Model  31 

Standard  Methods 

HACK  -  Spectronic  20 

HACK  “  Spectronic  20 

HACK  -  Spectronic  20 

pH  Meter,  Orion  Model  399A 

HACK  -  Spectronic  20 

HACK  “  Spectronic  20 

Standard  Methods 


30 


Table  2 

On-raHonal  Psrameters  for  Various  UV/Oaone  Test  Runs 
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Ozone  flow  split  between  stages  for  Runs  27  througl 


_  _ Ozone _  _ Oxygen _ 

Influent  _ Input _  .  _ Exhaust  Gas _  Dissolved  _ Dissolved 
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Table  3 

Organic  Analysis  for  Various  UV/Ozone  Test  Runs 
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Table  3  (Concluded) 


Table  4 

Summary  of  Analysis  -  Metals 


Metal 

Limit* 

mg/£ 

Effluent 

Mean 

mg/£ 

Std  Dev 
mg/£ 

Max 

mg/X. 

Min 

ing/£ 

Beryllium 

0.1 

<0.005 

— 

— 

— 

Boron 

0.75 

0.66 

0.02 

0.72 

0.60 

Cadmium 

0.01 

<0.005 

— 

— 

— 

Cal cium 

— 

105 

12 

113 

68 

Chromium 

0.05 

<0.01 

— 

— 

— 

Copper 

1.0 

<0.1 

— 

— 

— 

Iron 

0.3 

<0.1 

— 

— 

— 

Magnesium 

125 

63.7 

3.2 

68.6 

58.2 

Manganese 

0.05 

.11 

.02 

.13 

.10 

Potassium 

— 

5.76 

.22 

6.05 

5.56 

Sodium 

250 

867 

25 

910 

850 

Zinc 

5.0 

<0.1 

— 

— 

— 

*  Quality  Criteria  for  Water,  U.  S.  Environmental  Protection  Agency, 
Washington,  D.  C.,  1976. 
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Table  5 

Summary  o£  Analysis  -  General 


Table  6 

Optimized  Field  Unit  Operating  Conditions 
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APPENDIX  A;  OPERATIONAL  PROCEDURES 


FOR  THE  ULTROX  SYSTEM 
Start-up  Procedure 


!•  The  following  procedure  was  used  to  start-up  the  ULTROX  system: 

Check  the  pressure  gage  associated  with  the  oxygen 
cylinder  supplying  oxygen  to  the  ozone  generator  to  assure 
that  sufficient  oxygen  is  available. 

Set  the  UV  lamp  pattern.  This  is  done  by  disconnecting 
the  upper  lamp  contact  plug. from  the  lamps  which  are  not 
to  be  used.  Turn  on  the  lamp  switch  and  check  the  LED  dis¬ 
play  to  assure  that  the  lighting  sequence  is  correct. 

Plug  in  the  catalytic  decomposition  chamber  for  the 
effluent  gas, 

d»  Turn  on  the  cooling  water  to  the  ozone  generator  and  adjust 
its  flow  to  at  least  1  to  2  liters  per  minute. 

Calculate  the  necessary  oxygen  pressure  and  flow  rate 
for  the  given  ozone  concentration  and  mass  flow  as  des¬ 
cribed  in  Appendix  C  of  this  report. 

Open  the  valve  on  each  oxygen  cylinder  and  adjust  the 
pressure  regulator  to  approximately  5  psig  above  the 
pressure  calculated  in  step  ^  above. 

Check  that  the  rheostat  on  the  ozone  generator  is  set  on 
zero  and  then  turn  on  the  main  power  switch. 

h.  Adjust  the  oxygen  pressure  and  flow  rate  to  the  values  cal¬ 
culated  in  step  ^  above. 

Adjust  the  reheostat  on  the  ozone  generator  to  a  low  setting 
to  start  the  generation  of  ozone. 

Adjust  the  gas  flowmeters  on  the  ULTROX  unit  to  the  desired 
flow  rates.  Check  the  oxygen  pressure  and  flow  rate  to 
assure  that  they  have  not  changed. 

k.  Open  the  liquid  feed  line  valve  and  turn  on  the  water  pump. 
Adjust  the  pump  to  the  desired  flow  rate  using  the  flow¬ 
meter  in  the  feed  line, 

l,  Check  the  ozone  concentration  as  described  in  Appendix  B 
of  this  report.  Adjust  the  rheostat  setting  on  the  ozone 
generator  as  necessary.  Also  adjust  the  oxygen  pressure 
and  flow  rate  if  needed. 
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m.  Check  the  liquid  flow  rate  at  the  effluent  stream  and 
adjust  the  water  pump  as  necessary. 

n.  Repeat  steps  1  and  m  every  5  minutes  until  the  desired 
settings  (values)  are  obtained  and  then  at  30  minute 
intervals  through  the  test  run. 

Shut-down  Procedure 

2.  The  following  procedure  was  used  to  shut-down  the  ULTROX  unit 
after  completion  of  a  run: 

Turn  off  the  liquid  pump  and  close  the  feed  line  valve. 

Slowly  turn  the  rheostat  on  the  ozone  generator  to  zero. 
Allow  several  minutes  of  oxygen  flow  through  the  generator 
to  flush  any  residual  ozone  from  the  generator. 

c_.  Turn  off  the  valves  on  the  oxygen  cylinders  and  allow  the 
pressure  in  the  regulator  to  drop  to  zero. 

_d.  Close  the  regulator  valve  and  shut  off  the  power  to  the 
ozone  generator. 

je.  Turn  off  the  cooling  water  to  the  generator. 

Turn  off  the  UV  lamps  in  the  ULTROX  unit. 

Shut  off  the  power  to  the  catalytic  decomposition  chamber. 
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APPENDIX  B;  OZONE  SAMPLING  AND 
ANALYSIS  PROCEDURES 


Sampling 


Input  Gas 

1,  The  ozone  sampling  procedure  used  on  the  input  gas  was  suggest¬ 
ed  by  the  ozone  generator  manufacturer.  A  breaker  was  filled  with  a  2.5 
percent  by  weight  (%/wt)  potassium  iodide  solution.  The  ozone  flow  from 
a  tee  in  the  ozone  discharge  line  was  adjusted  to  obtain  a  reading  of  10 
scale  units  on  the  sample  flowmeter  (Figure  Bl) .  When  the  flowmeter 
indicated  a  steady  flow,  the  sampling  tube  was  immersed  in  the  beaker 

of  potassium  iodide  solution  and  allowed  to  remain  for  30  seconds.  The 
sampling  tube  was  then  removed  and  the  valve  controlling  the  ozone  flow 
through  the  sampling  tube  was  closed.  The  sample  was  acidified,  with  a 
.1  M  solution  of  sulfuric  acid  and  analyzed. 

Exhaust  Gas 

2.  The  ozone  in  the  exhaust  gas  was  sampled  at  the  liquid-gas 
separator  on  the  ULTROX  unit.  The  exhaust  gas  pressure  was  only  slightly 
above  atmospheric,  therefore  a  vacuum  pump  was  used  to  pull  a  sample  of 
gas  through  a  gas  washing  bottle  containing  a  2.5  %/wt  potassium  iodide 
solution.  The  pump  control  valve  was  set  to  1  £/min  and  allowed  to  run 
for  1  minute.  The  vacuum  pump  was  then  stopped  and  the  sample  from  the 
gas  washing  bottle  was  acidified  with  a  .1  M  solution  of  sulfuric  acid 
and  analyzed. 

Dissolved  in  the  Effluent 

3^  The  dissolved  ozone  contained  in  the  effluent  from  the  ULTROX 
system  was  determined  as  follows,  A  100  ml  sample  of  effluent  was  obtain¬ 
ed  and  immediately  poured  into  a  flask  containing  2.5  grams  of  potassium 
iodide.  The  sample  was  mixed  until  the  potassium  iodide  disappeared. 

Then  the  sample  was  acidified  with  a  .1  M  solution  of  sulfuric  acid  and 
analyzed. 


AO 


Analysis 

4,  The  acidified  samples  were  transferred  to  a  glass  beaker  on  a 
magnetic  stirrer.  A  titration  was  performed  using  a  .1  N  solution  of 
sodium  thiosulfate  as  a  titrant  and  a  1  %/wt  starch  solution  as  an  indica¬ 
tor.  The  percent  by  weight  of  ozone  in  the  gas  stream  was  calculated  using 
the  following  equations: 


Wt  0^  (mg/1)  = 


(ml)  X  (N)  X  (24) 
(.124) 


Wt  %  0^  = 


(Wt  0^)  X  (100)  X  (T) 
(1429)  X  (273.16) 


where:  ml  =  mililiters  of  titrant  used 
N  =  normality  of  titrant 
T  -  temperature, 

5.  The  ozone  mass  flow  rate  was  determined  by  the  following 
equation: 

0^  Mass  Flow  Rate  (mg/min)  =  Wt  0^  (mg/£)  x  0^  Flow  (i?,/min)  (3) 
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APPENDIX  C;  DETERMINATION  OF  OPERATIONAL 
PARAMETERS  FOR  THE  ULTROX  SYSTEM 

Oxygen  Flow  Rate 

1.  The  oxygen  flow  rate  to  the  OREC  ozone  generator  is  determined 
as  follows.  For  a  particular  pressure  setting  on  the  oxygen  regulator 
and  a  particular  tube  scale  reading  on  the  flowmeter,  the  flowmeter 
graph  (Figure  Cl)  indicates  the  resulting  oxygen  flow  to  the  generator. 

3 

The  flow  rate  is  given  in  ft  /min  and  must  be  converted  to  /min  as  fol¬ 
lows: 

0^  flow  (ft^/min)  x  28.32  =  0^  flow  (£/min)  (1) 

Ozone  Flow  Rate 

2.  For  a  given  flow  rate,  the  ozone  production  graph  (Figure  C2) 
can  be  used  to  determine  the  amperage  setting  required  for  any  desired, 
ozone  flow  given  in  mg/1.  The  ozone  mass  flow  rate  can  then  be  deter¬ 
mined  as  follows : 

0^  Mass  flow  rate  (mg/min)  =  Wt/0^  (mg/1)  x  0^  flow  (£/min)  (2) 
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Figure  Cl.  Flowmeter  curve  for  OREG  model  03B20  ozone  generator 


APPENDIX  D;  GENERAL  ANALYSIS  FROM 
VARIOUS  UV/OZONE  TEST  RUNS 


1.  Table  D1  contains  the  results  of  general  analyses  performed  on 
samples  from  various  UV/ozone  test  runs  using  RMA  groundwater.  These  data 

were  used  to  develop  the  Summary  of  Analysis  -  General  presented  as  Table  5 
in  this  report. 
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General  Analysis  for  Various  UV/Ozone  Test  Runs 
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